To improve the deposition efficiency of copper fine particles mean diameter around 5 mm onto metallic substrate surface in cold spray process, optimization in nozzle design was performed by numerical simulation. Particles velocity reached up to 585 m/s under the optimum conditions with originally designed nozzle based on the simulation results. In the spraying of copper particles onto normal steel substrate, lamellar-like microstructure was formed near the interface in the steel substrate. Correspondingly, remarkable hardness increase in this lamellarlike region of the steel substrate was recognized due to the higher velocity of the particles attained. Moreover, to reduce the bow shock effect especially for fine particles on the substrate surface in cold spray process, special nozzle was newly designed. The deposition efficiency, Vickers hardness and coating adhesion strength increased significantly especially in case of fine particles, as well as at higher pressure level of the working gas, while nominal particle velocity decreased with the special nozzle. Numerical simulation indicated that the pressure levels on the substrate surface decreased effectively in the newly designed special nozzle. In the observation of sprayed individual particles onto the substrate, extended metal jet was recognized at the splat's periphery when the particle was sprayed with the special nozzle. The results indicate that the decrease of particles velocity due to bow shock was suppressed effectively in the special nozzle as compared to the conventional one.
Introduction
Cold spray process has been developed as a new technology to realize high quality coating due to its low heating rate of the powder. [1] [2] [3] [4] [5] Coatings of relatively soft metals have been effectively produced by the process and superior coating properties compared with conventional thermally-sprayed coatings have been reported. [6] [7] [8] [9] [10] [11] To get a high quality coating, utilization of fine particles may be effective as a more dense coating is likely to be fabricated by the fine particles. Cold spray process is different from high temperature thermal spray process, because the particle remains solid during deposition and therefore, the process relies on high particles velocities for deformation upon impact with the substrate. To attain such a high collision velocity of the particles, especially for the fine particle around few mm in diameter, optimization in nozzle design still has to be performed. Also in cold spraying, it has been shown that the nominal velocity of the particles differ from net collision velocity due to bow shock effect on the substrate surface. 12) To realize a high collision velocity of the particles, especially in fine particles deposition, the bow shock problem onto the substrate surface has to be overcome.
To reduce the bow shock effect on the substrate surface in cold spray process, a special nozzle was newly designed based on a numerical simulation, and to explain the higher deposition efficiency attained by using the newly designed nozzle, the deposition behavior of copper fine particles are discussed on the basis of numerical calculation of gas flowing on the flat substrate surface and metallographic observations of deposited copper particles with particular reference to the effect of bow shock on the deposition efficiency of the particles.
Experimental Procedures
Numerical simulation by using the conventional simulation soft CFD-2000 was performed on both the gas flow behavior and the trajectory of single copper particle injected in the nozzle. The governing equations of the gas flow are given by the conservation form of the two-dimensional axisymmetric, time-dependent Navier-Stokes equations, which are composed of mass, momentum and energy preservation equations.
To realize the practical applications, torch nozzle was decided to a so-called Laval-barrel type, as this type nozzle has a capability of radial injection of the fine particles by suction without sticking problem in the injection area, often induced by the axial injection from nozzle inlet. Figure 1 shows the schematic design of the simulation model. In the simulation, only outlet section diameter and barrel section length were varied, while the other dimensions were fixed to each appropriate value priory obtained by the numerical simulation. Figure 2 shows the schematic design of computational domain, boundaries and meshes for the typical nozzle.
The simulation conditions used are summarized in Table 1 . For the practical applications, air was used with pressure up to 3 MPa and heated to 573 K. To analyze the trajectory of an individual particle, 5 mm copper particles were introduced on the center position of the gas flow at 3 mm downstream from the starting point of the barrel section as indicated in Fig. 1 . The particle's velocity was evaluated at the position 20 mm downstream from nozzle exit, which corresponds to the position of the substrate installed in the actual experiment.
Both outlet diameter and barrel length were varied in the calculation while the other dimensions relating to the nozzle shape were fixed to each optimum value by the numerical simulation. Based on the simulation results, self-designed cold spray equipment was installed in our laboratory and used for the spray experiments. Basic capacities of the cold spray equipment are: spray nozzle has 2.0 mm diameter throat, 50 mm length convergent, 50 mm length divergent, 100 or 200 mm length barrel, and 7 mm diameter exit. The heating temperature ranges from room temperature to 923 K and the gas pressure up to 3 MPa and so on. Powder materials used are commercially available pure copper by Nippon Atomized Metal Powders Corporation with spherical shape and mean diameter of 5 and 15 mm. Substrate materials used are SS400 steel plates with 25 Â 25 Â 5 mm dimensions, whose surface was grit blasted. To observe the flattening and deposit behavior of an individual particle, the particles were collected on the stainless steel substrate which was polished to mean roughness of 0.3 mm Ra. For the powder collection on the substrate surface, substrate plates were traversed at about 500 mm/s with the angle perpendicular to the torch axis to get a small number of the particles onto the substrate surface individually. Particles velocity at the position 20 mm downstream from nozzle exit was measured by DPV-2000 system (Tecnar Automation Ltd., Canada). The system enables the particles velocity measurement by calculating the split time for two peak signals obtained from measured particles. Cold spray conditions for particle velocity measurement and coating formation are summarized in Table 2 . As shown in the Table, most of the conditions for the experiment correspond to the simulation conditions.
Results and Discussion

Optimum nozzle design
Firstly, the effect of both outlet diameter and barrel length on the particles velocity was numerically analyzed. Typical calculation results were shown in Fig. 3 . From the figure, it is known that the particles velocity increases rapidly with increasing both of outlet diameter and barrel length, and begin to saturate over 5 mm in outlet diameter and over 150 mm in nozzle length, respectively. Based on the calculation results, optimum values of outlet diameter and barrel length in nozzle dimensions were decided to be 7 mm and 200 mm, respectively, as the velocity almost saturated at these values as indicated in Fig. 3 . By introducing the optimum values obtained, the nozzle designed originally was fabricated. Actual particles velocity with newly designed nozzle was measured by DPV-2000 system, the measuring position is at 20 mm downstream from nozzle exit. Figure 4 shows the effect of gas pressure on particles velocity of 5 and 
Inlet section diameter (mm) 20
Throat section diameter (mm) 2
Outlet section diameter (mm) 2, 3, 4, 5, 6, 7, 8, 9
Convergence section (mm) 50
Divergence section (mm) 50
Barrel section (mm) 50, 100, 150, 200, 300
Gas Air
Gas pressure (MPa) 2
Gas temperature (K) 573
Cu particle diameter (mm) 5 Table 2 Cold Spray conditions for particle velocity measurement and coating formation.
Gas Pressure 1-3 MPa (0.5 step) 15 mm diameter copper particles. In the experiment, the higher velocity was obtained in 15 mm particles than 5 mm particles. The reason is not clear at this moment, however, the lower flowability of 5 mm particles owing to the agglomeration may reflect its lower velocity. It is known that more effective acceleration was given in coarse particles in this nozzle. The maximum velocity was about 585 and 685 m/s at gas pressure of 3 MPa in 5 and 15 mm particles, respectively. By considering the fact that the gas used in the present study was compressed air, the attained velocity seems to be quite higher as compared with those in the literatures.
Gas
13)
The coating was fabricated with this self-designed nozzle and deposition efficiency was evaluated. The deposition efficiency was given as the weight ratio of deposited weight gain for the consumed weight loss in the powder feeder. The spraying conditions used are shown in Table 2 . The spray distance was 20 mm from nozzle exit. As the deposition behavior may be more sensitive in the finer particles, the results obtained in 5 mm particles are shown in Fig. 5 . From the figure, it is revealed that the particles velocity increases with gas pressure and correspondingly deposition efficiency increases with gas pressure as well, while the absolute value of deposition efficiency in this case is not always high. Figure 6 shows the cross section microstructure near the interface region of copper coating and steel substrate. It is quite interesting that lamellar-like microstructure can be observed in steel substrate near interface region to depth about 20 mm from the interface. As this lamellar structure was observed only at the spray conditions with gas temperature: 573 K and gas pressure: 2 or 3 MPa, the structure may be attributed to the copper particles collision with extremely higher velocity. Vickers hardness distribution across the interface was measured and the results were shown in Fig. 7 . The hardness increase of the steel substrate can be obviously recognized at the interface region. This indicates that the work hardening was induced in the steel substrate due to the higher velocity of the copper particles.
Special nozzle design against bow shock problem
In the practical cold spraying, it has been indicated that the nominal in-flight velocity of the particle differ from the net velocity of the particle just before the collision onto the substrate or coating surface due to bow shock effect. 12) To realize a high collision velocity of the particle, especially in fine particles, bow shock problem onto the solid surface has to be overcome. To reduce the bow shock effect on the substrate surface region in cold spray process, special designing for nozzle shape especially on the nozzle exit part was carried out. Because of the patent problem, detailed shape of the special nozzle cannot be described here. To perform this, numerical simulation was conducted on the gas flowing and formation of bow shock on the flat solid surface. While the fundamental dimensions were fixed to common values, special shape and dimensions was given to the special nozzle. Here, the barrel length was fixed to 100 mm to avoid the sticking problem in 5 mm powder particles onto barrel inside wall. Typical simulation results were shown in Fig. 8 . From the figure, it is recognized that the pressure level on the substrate surface decreased effectively in the special nozzle (b) as compared to the conventional one (a). Pressure distribution along the nozzle axis on the substrate surface was shown in Fig. 9 . It can be obviously recognized that the pressure gradient on the surface region within 7 mm becomes smoother in the special nozzle compared with the conventional one. Namely, it is indicated that bow shock can be effectively suppressed in the special nozzle. Moreover, this indicates that the deposition efficiency can be improved with this nozzle. Particles velocity with special nozzle was measured by DPV-2000 system. The results obtained were shown in Fig. 10 . While the particles velocity was independent on the gas pressure in the conventional nozzle, slight decrease of the velocity as gas pressure increase was recognized in the special nozzle. The absolute velocity value decreased from that given in Fig. 4 maybe due to the decrease in barrel length.
Coating properties with special nozzle
Coatings were fabricated with the special nozzle using 5 mm particle and the particles velocity, deposition efficiency, Vickers hardness and adhesion strength were compared between conventional nozzle and special nozzle. The spraying conditions used are shown in Table 2 . The results on the particles velocity, deposition efficiency are summarized in Fig. 11 . It can be found from the figure that a remarkable improvement in deposition efficiency, namely almost eight times higher values, was attained in the special nozzle while the particles velocity is lower than the conventional nozzle. It is indicated that the net collision velocity onto the solid surface might be higher in the special nozzle than the conventional one, as the particle velocity measured means the nominal in-flight velocity. Figure 12 shows the comparison between conventional nozzle and special nozzle in cross section microstructure of the coating obtained. It is obviously recognized from the figure that the coating thickness with special nozzle (b) is almost eight times thicker than that with conventional nozzle (a). The results of coating hardness and adhesion strength are summarized in Fig. 13 and Fig. 14, respectively . The adhesion strength of the coating was measured by the normal mechanical separation pull-off method by using epoxy resin adhesives. From the figure, it is found that the higher values were given in the special nozzle as compared with the conventional one, that is, 170 Hv and 138 Hv in hardness and 10 MPa and 4 MPa in adhesion strength, respectively. These higher coating properties may be attributed to the higher net collision velocity of the particles with the special nozzle.
Finally, the morphologies of the collected particles onto stainless steel substrate are shown in Fig. 15. From the figure, it is revealed that the collected particles showed hemispherical in shape on the flat substrate surface regardless of the nozzle type. On the other hand, a lot of craters were recognized on the substrate surface. These craters show the traces of the rebounding particles from the substrate surface.
14) It is known from figure that the deposition efficiency is higher in the special nozzle than the conventional one, as the density of the deposited particle is remarkably higher in the special nozzle. In the observation of a cold sprayed individual particle onto mirror polished substrate, more extended metal jetting 15, 16) which is caused by a severe plastic deformation at materials interface, was recognized at each splat's periphery when the particle was sprayed by the special nozzle. The results indicate that the net collision velocity of the particle onto solid surface is higher in the special nozzle, in other words, the velocity decrease of the particle due to bow shock is suppressed effectively in the special nozzle as compared with conventional one. The measurement on the actual collision velocity of the particle on solid surface cannot be attained at this moment. It has to be achieved in the future study.
Adhesion mechanism
To clarify an adhesion mechanism of the sprayed particle onto substrate surface, evaluation of adhesion strength of an individual particle by nano-scratch testing was conducted. To do this, cold spraying of copper particle onto mirror polished steel substrate was carried out by traversing the spray torch quite rapidly under the designated spraying conditions. By this method, particles adhered onto substrate separately and it can be scratched one by one easily. The shear load was Fig. 11 Comparison between conventional nozzle and special nozzle in deposition efficiency and particle velocity (gas temperature: 573 K, gas pressure: 3 MPa, barrel length: 100 mm). measured by this equipment and the actual shear stress can be given by measuring the bonded area of the particle after scratching. The evaluation results of fracture shear stress for each spraying condition are shown in Fig. 16 . The value is given as an average in more than five particles. It is revealed from figure that a cold sprayed single particle has a quite high adhesion strength actually, compared to that of the cold sprayed coating. The reason why the adhesion strength of the coating is lower compared to that of an individual particle has to be investigated in the future study. Residual stress in the coating may affect possibly. Typical example of the trace of bonded area for individual particle on the substrate surface is shown in Fig. 17 . Data was given by AFM, atomic force microscope, and the right hand bar in the figure indicates the depth information from the original substrate surface. It is recognized from the figure that quite small deformation, at most 100 nm in this case, compare to the particle diameter occurred at substrate surface by the collision of the particle. The results indicate that substrate deformation induced by the shear deformation of the collided particle is not always a necessary condition for the adhesion. On the other hand, it is pointed out in recent research that shear instability at interface between sprayed particle and substrate can play an important role in particle/ substrate adhesion 16) in the cold spray process. The adhesion mechanism in this process has to be investigated more precisely in the future study.
Conclusions
Optimization in nozzle design was carried out by numerical simulation to improve the deposition efficiency of copper fine particles in cold spray process onto metallic substrate. Furthermore, special nozzle was newly developed to reduce the bow shock effect on the substrate surface. The results obtained are summarized as follows: (1) Based on the simulation results, optimum values of both outlet diameter and barrel length in nozzle dimension were decided to be 7 mm and 200 mm, respectively. The maximum velocity of 5 mm copper particles given by newly designed nozzle was about 585 m/s at gas pressure of 3 MPa even in the case of using air as the working gas. (2) Lamellar-like microstructure was observed in steel substrate near interface region to the depth about 20 mm. It may be attributed to the copper particles collision with extremely higher velocity. Correspondingly, hardness increase of the steel substrate was obviously recognized at interface region. This means that the work hardening was induced in the steel substrate due to the higher velocity of the copper particles. (3) To reduce the bow shock effect on the substrate surface, special nozzle was designed in the present study. It is recognized that the pressure level on the substrate surface decreased effectively in the special nozzle with compared to the conventional one. Namely, it is indicated that bow shock can be effectively suppressed in the special nozzle. (4) Remarkable improvement in deposition efficiency, almost eight times higher values, was attained in the special nozzle while the particles velocity is lower than the conventional nozzle. It is indicated that the net collision velocity onto the solid surface might be higher in the special nozzle than the conventional one. (5) Extended metal jet was recognized at splat's periphery when the particle was sprayed by the special nozzle.
The results indicate that the net collision velocity of the particle onto solid surface was higher in the special nozzle, in other words, the velocity decrease of the particle due to bow shock was suppressed effectively in the special nozzle as compared with conventional one. (6) It is revealed that a cold sprayed single particle has a quite high adhesion strength actually, compared to that of the cold sprayed coating. It is also recognized that quite small deformation, at most 100 nm in this case, compare to the particle diameter occurred at substrate surface by the collision of the particle. The results indicate that substrate deformation induced by the shear deformation of the collided particle is not always a necessary condition for the adhesion. 
